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Spatially resolved two-dimensional maps of the relative , Cé#fensity in low-pressure
radio-frequency Ar/CE/O, discharges generated within a parallel-plate Gaseous Electronics
Conference reference cell have been obtained using planar laser-induced fluorescence imaging. The
experiments cover a wide range of pressure, composition, flow rate, and power deposition
conditions(13.3-133.3 Pa, 1%—-100% &F1%-10% Q, 5-100 sccm, 3—35 W Typically, the
centerline ¢ = 0) axial CFk distribution was symmetric with the local peak occurring near the center

of the electrode gap, but, in all cases, significant radial variations indeRsity were observed
(14%-45% standard deviation from the meaiith the peak density occurring near the edge of the
discharge region. Varying the pressure led to significant changes in both the magnitude and spatial
distribution of Ck density, while varying the composition, flow rate, and power primarily affected
only the magnitude of the GFdensity, with only modest changes in the spatial distribution. Based

on image-averaged comparisons, the, @ensity increased with power, pressure, and Gfole
fraction, decreased with addition of oxygen, and varied nonmonotonically with flow rate.
[S0734-210(197)03302-2

[. INTRODUCTION reference celf. The CF, radical is an important species in
halocarbon plasmas because it influences the balance be-
Low-pressure radio-frequendyf) plasma etching of sili-  yyeen polymer deposition and etching, and hence selectivity,
con dioxide with C-based chemistries is used extensivelyj, gjjicon/silicon dioxide etching applicatiod€ As a result,
during the manufacturing of microelectronic integrated, n,mper of previous experimental studies have reported 1D

circuits}? Despite their widespread use, the physical an%easurements of GRlensity using mass spectrometrin-
chemical phenomena which determine the behavior and thﬁared diode laser-absorptidn’® and laser-induced

resulting etching performance of these plasmas are not fu”}[luorescencé,l‘19 but, to our knowledge, the present results
understood. With regard to the gas-phase chemistry, for ex-

. are the first complete 2D measurements of, @Ensity in

ample, a great deal of experimentahnd, to a lesser extent, - T 2
modeling resear@es been conducted to improve the under-a.lny reactqr. In addition to y|eld|r}g mformagon on th?. rela-
standing of these plasmas, but detailed comparisons betwede magnitude of Cf conceqtratlon at various condltlons, )
modeling and experiment have been limited. Species meét_]ese_measurements arg of |_nterest because_ ‘hel_/ er’V'de In-
surements have been made by a number of techniques, bRight into the plasma uniformity through 2D visualization of
typically these have been limited to single-point, line-of- the CF, spatial distribution. These detailed spatial distribu-
sight, or one-dimensiondlLD) spatial profile measurements tions, which were obtained from the well-defined GEC cell
within the glow region of the plasma. As two-dimensional féactor, should provide a useful data source for validation of
(2D) modeling becomes more widespread, a more extensiv@ultidimensional models.
experimental data base will be necessary for benchmarking In the following paragraphs, we briefly describe the ex-
and verification of these plasma chemistry models. perimental setup and then present contour maps of the spa-

In previous studies, we used planar laser-induced fluoredially resolved CEk concentration as a function of power,
cence(PLIF) imaging to map the argon metastable densityfeed gas composition, flow rate, and pressure in/GfAr
field in low-pressure argon and argon/molecularplasmas. In addition, we examine the axially averaged and
discharge$™ The purpose of this study is to extend thoseimage-averaged measurements for a number of cases to il-
PLIF measurements to map the spatially resolved, 2 CFjystrate the large-scale changes in the radial distribution and
density field in Ar/CR/O, etching plasmas generated within gyerall magnitude of the GFconcentration. For complete-
a Gaseous Electronics Conferen@@EC) rf parallel-plate  ness, we also report results of a Fourier analysis of electrical
: : _ measurements obtained during these experiments, including
INational Research Council NIST postdoctoral re;earch associate, 1993the amplitude of the voltage and current wave forms and
1995. Current address: Lam Research Corporation, 4650 Cushing Parl’fﬁeil’ relative phase difference, the dc self-bias voltage, and

way, Fremont, CA 94538; Electronic mail: brian.mcmillin@lamrc.com ) )
YElectronic mail: mrz@tiber.nist.gov the power deposited into the plasma.

230 J. Vac. Sci. Technol. A 15(2), Mar/Apr 1997 230



231 B. K. McMillin and M. R. Zachariah: Two-dimensional imaging of CF , density 231

266 nm illumination plane with an intensifier-gated, cooled CCD

GEC Reference Cell Nd:-YAG . .
= laser beam camera using af/4.5 lens(see Fig. 1
While acquiring images, a 300 nm long-pass filter was

used to reject laser scattering and a colored-glass filter was
used to reduce the visible plasma emission reaching the cam-
era. The CFk fluorescence images were obtained by tempo-
rally averaging~1000 laser shots with ar300 ns intensi-
fier gate width, and spatially averaging ovex2 pixels to
improve the signal-to-noise ratio. The imaged region in-
cluded approximately one-half of the discharge, extending
from the centerline to~1 cm beyond the right edge of the
electrodes. The spatial resolution of these measurements was
determined by the laser sheet thicknéss mm) and the
imaged dimensions of the camera pixels in the object plane

laser-sheet excitation

13.56 MHz

(~0.2x0.2 mm.
90° fluorescence imaging . -
with ICCD camera _ In reduc_mg the raw fluorescence da_ta, the plasma emis
sion was first subtracted and then the images were normal-
Fic. 1. Schematic diagram of the experimental setup. ized for spatial variations in laser energy and detector re-

sponse. No corrections for fluorescence vyield were
necessary, because, as in previous studiem significant
differences in the fluorescence decay time were observed for
Il. EXPERIMENTAL DETAILS the conditions examined here. The fact that no quenching
corrections were necessary here indicates that the spontane-
The experiments were conducted using a capacitivelpus emission rate dominates the electronic quenching rate of
coupled, parallel-plate, asymmetrically driven GEC cell,CF, (for the major species in the plasmas examined here, i.e.,
which has been described in detail previodsind is shown  Ar and CF), which is consistent with the rate coefficients
schematically in Fig. 1. Briefly, the stainless steel reactomvailable in the literatur&-2°
used here has 10.2-cm-diam aluminum water-cooled elec- In relating the fluorescence signal to the ,Cifensity,
trodes with a 2.25 cm separation. The lower electrode wapgCF,], the neutral gas temperature was assumed to be uni-
powered with a 13.56 MHz supply coupled through a match{form, rotationally and vibrationally equilibrated, and con-
ing network and isolating rf filter. The upper electrode andstant for all conditions examined; i.e., we assumed the con-
the chamber were grounded. Voltage and current wave formgentration of the laser-probed states inferred from the
were measured with probes located at the base of the povtuorescence measurement perfectly tracks the totald@R-
ered electrodéafter the matching netwoykising a digitizing  sity. We estimate that neglecting the temperature dependence
oscilloscope, and saved to a laboratory computer for latepf the fluorescence signal results in a 10%—-15% total
analysis. To determine the actual voltage, current, and powe&r-5%-7.5% uncertainty in the Cfdensity over the ex-
supplied to the plasma, these measured wave forms weggected temperature range of 300<400 K for the plasmas
Fourier analyzed and corrected for cell parasitfts. examined here. This estimated uncertainty is based on Bolt-
The feed gas mixture is introduced through the uppezmann population fraction calculations for the states probed
electrode via a showerhead arrangement of holes. The feas) the 266 nm laser, which indicate that the fluorescence
gas then flows radially and symmetrically out of the dis-signal will increase with temperature; i.e., for a given,CF
charge region and is removed from the chamber via alensity the signal will be 10%-15% higher at 400 K than at
feedback-controlled throttle valve and mechanical pump300 K.
During these experiments, the flowrate was varied over
5-100 sccm and the pressure was varied over 13.3-133.3 Pa
(100—1000 mTol
Spatially resolved 2D images of Glelative concentra- lll. RESULTS AND DISCUSSION
tion were obtained using PLIF imaging. The experimental Relative 2D measurements of the £fensity distribution
setup and technique are similar to our previous stutifle®y  were obtained in Ar/CFO, rf discharges over a wide range
we only briefly describe review the details here; for addi-of pressure, composition, flow rate, and power deposition
tional information on LIF measurements in glow dischargesconditions (13.3-133 Pa, 1%-100% GF1%-10% Q,
and PLIF imaging in general, we refer the reader to Refs. 25-100 sccm, 3—35 W While the absolute CFdensity was
and 22, respectively. In this study, a quadrupled Nd:YAGnot determined in these experiments, a recent investigation
laser sheet266 nm, 10 ns~0.3 mJ,~1 cm %, 5 mmx25 using a GEC celf reported CF densities of~10'2-10'3
mm) was used to illuminate the central vertical plane of thecm 2 in CF,/CHF; plasmas at similar conditions. Generally
discharge and excite transitions in th€0,2,0x—X(0,1,0) speaking, in the present experiments, varying the pressure
band?® of CF,. The resulting broadband laser-induced fluo-led to significant changes in both the magnitude and spatial
rescence(300—400 nm was imaged at a 90° angle to the distribution of CE density, while varying the composition,
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flow rate, and power led to pronounced changes in the mag-
nitude with more subtle changes in the spatial distribution of 20l
CF, density.

As observed in previous GEC cell experimentssignifi-
cant radial variations in species concentration were observed 1.0
(see, for example, Fig.)2The peak Ck density typically
occurs ar ~3-5 cm, near the edge of the powered electrode.
Indeed, in almost all cases, the £€oncentration contours g 0.9
appear to attach to the corner of the powered electrode. The ©
increased CF (and presumably JFconcentration near the N
edge of the powered electrode likely results from an increase
in the electron impact production of gFbrought about by 15
an enhanced electric field associated with the sharp external 49
cornef® of the electrode. This edge effect could potentially
be reduced or eliminated by smoothing or reducing the ex-
posure of the sharp corner on the powered electrode. Such 0.0
edge effects have been recently examined in a different 0
parallel-plate reactor geometry by comparing measured ox-
ide etch rates and modeled ion flux profiles with various
powered electrode configuratioffs. Fic. 2. Contour plots of the spatially resolved relative,@Ensity measured

For all of the cases examined here, the centerine0) with laser-induced fluorescence in a 75%@# discharge at 25 sccm, 66.7
axial distribution of CE density is relatively symmetric, with Pa(500 mTor) and powers ofa) 3.5 and(b) 35 W.
the peak occurring near the center of the dischdamel
cm). This axial distribution largely reflects the €produc-
tion profile, which is dominated by the high energy elec-
tron impact reactiore+CF,—CF,+2F+e (threshold~13

1.5

0.5

20

0.5

eV). This is evidenced to some extent by the similarity of the 1 0| (@) 75% CFa/Ar, 25 scem

present axial CJ profiles and previously reported argon ' 66.7 Pa (500 mTorr)

emission profiles in Ar/CEdischarges at similar conditiofis, > 08}

since the argon excitation threshdld13.5 eV} and cross- [

section energy dependen@ver ~12-30 eV are similar to § 0.6~ -

those of the Clrelectron impact reaction noted abo(see, L T ,

for example, Refs. 29 and B0The CF, profile is, of course, 2 04 ””M: S 1325\)3’ ((ddeen":i‘,'[;y :; gie)
also affected by diffusion, since G5 a relatively long-lived g 35W ’
species, and by destruction mechanisms such as heteroge-= 0.2

neous (wall recombination and gas-phase recombination

reactions'® 0.0, 1 5 3 4 5 5
A. Effect of power radial position (cm)

Figure 2 shows contour plots of the spatial distribution of 1600 (6) 75% CF4/Ar
[CF,] in 75%CFR/Ar discharges at 66.7 R&00 mTor) and 86.7 Pa (500 mTorr)
a 25 sccm flow rate at the lowest and highest powers exam- 2z

25 scem
ined here, 3.5 and 35 W, respectively. In these and all of the % 1200 —J 075
contour plots which follow, the=0 andz=2.25 cm loca- °
tions correspond to the powered and grounded electrodes, & 800 |
respectively. As power is increased over this range, the peak g
CF, concentration increases by more than an order of mag- 3 00|

nitude, and the edge-to-center concentration ratio increases.®

This change in radial nonuniformity is illustrated more

clearly in Fig. 3a), which shows the normalized rad{@F,] 0 : ‘ ‘
' ; : 0 10 20 30 40

profiles averaged over the lower half of the discharge region 5 w)

adjacent to the powered electrode, i.e., averaged ovar 0 ower

<12 cm. As 'nd_'cated by_ the .Sta'ndard dgwaﬂon from theFlG. 3. (a) Axially averaged(0<z<1.2 cn) radial profiles of Ck density

mean, o, the radial nonuniformity ifCF,] increases from and (b) image-averaged GFconcentration as a function of power, deter-

15%-34% as power is increased from 3.5—-35 W. Asidenined from PLIF images of 75%G#Ar discharges at 25 sccm and 66.7 Pa

. - . . . : iz (500 mTor). The radial nonuniformity of CF,] in (a), as indicated by the
from this increase in radial nonumformlty and a S“ght shift standard deviation from the mean,is 15%, 27%, and 34% for 3.5, 12, and

?n the aXia! peak, _thOI_Jgh, we observe no significant chang@s v cases, respectively. The normalized slope indicatéd)idenotes that
in the spatial distribution of CFas the power is increased. the[CF,] increases by 738 as the power is increased by 0
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Fic. 4. Contour plots of the spatially resolved relative,@Ensity measured g 400
with laser-induced fluorescence in 25 sccm, 66.7(5@0 mTor), 20 W T
discharges with feed gas compositions (@f 75%CF/Ar and (b) 75% & 200 |
CFJ/10%Gy/Ar.
°o 2 s 6 8 10
Figure 3b), which shows the image-average@F,], illus- 2On i 75%CE A A
. . n rgon
trates the change in the overall C€oncentration as a func- o2 PUr4IArg
tion _of power. The[CF,] increases in an essen'qally linear (c) 18.8 scom CFa4 + Oz/Ar 75%CF4/Ar
fashion over the power range examined here, wittoamal- 1.0¢ 25 sccm total, 20 W RN
izedslope of less than unity, where we defin@@malized . 66.7 Pa (500 mTorr) T N
slope as the ratio of the fractional change[@®F,] to the 208 // 2.5%02 \
. . . . c PN
fractional change in the parameter varied. The normalized g - N
slope of 0.75 denoted in Fig.(l® indicates that théCF,] &
increases by 78 as the power is increased by 0The e
linear increase ifiCF,] with power we observe is consistent %
with results reported by Pang and Bruéékyho measured °
the[CF,] ~3 mm above the powered electrode in a different

reactor using single-point LIF; however, their measurements
showed a more significant rate of increase[@F,] with
power(with a normalized slope as we have defined-df.3).

3 4
radial position (cm)

Fic. 5. Image-averaged GREensity as a function dg) CF, and(b) O, mole
fraction in the feed gas for 25 sccm, 66.7 (880 mTory, 20 W CF/O,/Ar
discharges, an¢t) axially averaged (6:z<1.2 cm radial profiles of Ck
density for selected mixturder=32%, 26%, 22%, and 16% for 0%, 2.5%,
5%, and 10% @, respectively. The normalized slope indicated {a) de-
notes that thg¢CF,] increases by-3X as the concentration of GFn the
feed gas is increased by 100

B. Effect of feed gas composition

The effect of feed gas composition on the,@Bncentra-
tion was examined at fixed power, pressure and flow (2@e
W, 66.7 Pa, 25 sccmby diluting the CF; feed gas with
argon, and by adding Qo a baseline mixture. In the former
cases, the GfFconcentration was varied from1%—100%,
and, in the latter cases, the mixtures were composed of 75%

CF, and 1%-10%Q@with a balance of argon. Figure¢aj}—  tion increases linearly by about X5 An increase in Ck

4(b) show representative contour plots dfCF,] for  concentration is expected, because the electron impact pro-
75%CR/Ar and 75%CR/10%0/Ar mixtures, which illus-  duction of CE is proportional to the Cffeed gas concen-
trate that varying the feed gas composition has only a modestation. However, this relatively weak increase[@F,] sug-
effect on the spatial distribution of GF gests that very little of the GFs dissociated in the pure GF

The effect of feed gas composition on the magnitude oflischarge at these conditions. For example, even if all of the
[CF,] is illustrated in Figs. B)—-5(b) where the image- CF,were dissociated for the most dilute.2% CF,) case, the
averaged CF,] is shown as a function of GFand G, per-  degree of dissociation for the pure £Ease can only be
centage, respectively. As the concentration of @Rhe feed 2%—-3%, since the primary fragments in the electron impact
gas is increased from 1%—100%, the average @fcentra-  dissociation of Cgare Ck and Ck in a ~2.5:1 ratio?® This
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relatively weak increase in the GEoncentrationand thus
CF, dissociation as the argon dilution is decreased may be
due to the cooling of the high energy tail in the electron
energy distribution and/or a decreased electron number den-
sity resulting from additional electron attachment by,CF

The effect of the addition of Qon the image-averaged
[CF,] in the discharge is shown in Fig(l5. For these cases,
the power was held constant at 20 W, and the, Giole
fraction and the total flow rate were held constant at 75% and
25 scem, respectively. Here we observe a reduction ip CF
density of about 2.8 with 10% O, added to the feed gas,
which is in good agreement with previous studief It is —_
well established that the addition of oxygen can substantially g
reduce the Cfconcentration, and this trend has been previ- ~
ously attributed to the radical exchange reactions with
atomic oxygen, CF+O—COF+F and CE+0—CO+2F 28

With regard to[CF,] spatial distribution, the various
CF4/Ar discharge mixtures were very similar, aside from the
overall increase ifiCF,] with increased Cjl-concentration in
the feed gas. With the addition of oxygen, however, we ob-
served a somewhat larger decreasgdh,| near the edge of
the discharge as compared to the center, leading to a more
uniform radial distribution of Ck. These trends are illus-
trated in Fig. %c), which shows representative axially aver-
aged(0<z<1.2 cn) radial profiles of the normalizefCF,]
for several feed gas mixtures; note, for exampte,32% and
16% for mixtures with 0% and 10% frespectively. The

larger decrease iCF,] near the edge of the dischargom-
9 [ 2] 9 QIB Fic. 6. Contour plots of the spatially resolved relative,@Ensity measured

ParEd tor ZO)_ Wit_h added oxygen may result, in part, from with laser-induced fluorescence in 25%0%, 66.7 Pa(500 mTor), 20 W
increased oxidation losses there. Although the rates for th@ischarges ata) 5, (b) 18, and(c) 100 sccm.

oxidation reactions noted above would be higher near the

edge of the electrode simply because {&F,] is higher

there, the larger fractional decrease[®F,] (i.e., the de- the normalized Ckdensity distribution was very similar for
crease inCF,] for the cases with added,ormalized by flow rates below 25 sccifr~21%), although at higher flows
[CF,] for the baseline mixtupesuggests that the atomic oxy- the edge-to-center uniformity was somewhat wdrse 39%
gen concentration is larger near the edge of the discharge @ 100 sccm, see Fig(&], due to an enhancement[iGF,]
well. Such an enhancement in the atomic oxygen concentraear the edge of the discharge. The better uniformity at the
tion near the edge of the discharge may result from an inlower flow rates may be due, in part, to enhanced diffusion
crease in electron impact dissociation of Que to the en-  with respect to convection.

hanced electric field there. As discussed below, the more Although the spatial distribution of GFat the various
uniform radial distribution with added oxygen may also beflow rates was not dramatically affected, a significant non-
due, in part, to more uniform GRproduction associated with monotonic variation in the overall concentration was ob-
a more resistive plasma bulk. served. This is evident in Fig. (@), where the image-
averaged CF,] is shown as a function of flow rate. At low
flow rates(high residence timethe[CF,] initially increases
with flow rate. Further increases in flow ratshorter resi-

r (cm)

C. Effect of flow rate or residence time

The effect of flow ratg5—-100 sccmon the CE density
was examined at constant pow@0 W), feed gas composi-
tion (25% CR/Ar), and pressuré66.7 Pa. In varying the
flow rate over 5—-100 sccm, the residence time for the ga

dence timegresult in a subsequent decrease @F,]. Be-
cause the Cfproduction rate likely remains essentially con-
stant (the electron number density and temperature are
approximately constant and the QF largely undissociatgd

within the volume between the electrodes was decreasettiese changes iiCF,] with flow rate suggest a competition

from ~1.5 to ~0.07 s(nominal residence timepressure
xXvolume/flow rat¢. Representative contour plots of the

[CF,] at flow rates of 5, 18, and 100 sccm are shown in Fig.

6. These different flow rates resulted in relatively minor
changes in the spatial distribution of C&s illustrated by the
similarity of the contours in Fig. 6 and in the axially aver-
aged(0<z<1.2 cm radial profiles in Fig. 7). For example,
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among its various loss processes, which include convection,
gas-phase recombination, surface losses, and diffusion.
While further modeling and experiments are necessary to
be certain, this variation ifiCF,] with flow rate might be
explained as follows. At moderately high flow ratée., 25
sccn) further increases in the flow rate yield a decrease in
the accumulation of CFwithin the discharge, because the
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Fic. 7. (a) Axially averaged(0<z<1.2 cm radial profiles of CEk density

(0=22%, 21%, and 39% for 5, 18, 100 sccm, respectivalyd (b) image- Fic. 8. Contour plots of the spatially resolved relative,@Ensity measured

averaged Cfdensity as a function of flow rate, determined from PLIF with laser-induced fluorescence in 75%0%, 10 sccm, 12 W discharges at

images of 25%CRAr discharges at 66.7 R&00 mTory and 20 W. (@) 13.3 Pa(100 mTory, (b) 33.3 Pa(250 mTor), and(c) 133.3 Pa(1000
mTorr).

dissociation products are convected away more rapidly. A
the flow rate is reducedfrom say 50 sccm initially the
[CF,] increases because of reduced convective losses. Wh
convection becomes less important, the primary, Q&s-
phase recombination reactiéhCF,+F+M—CF,+M, be-
comes somewhat more important since the @Ghd B con-
centration increases. The CBurface losses also increase
because diffusive transport becomes increasingly importa
at lower flow rates.

As the flow rate is further reduceg@elow ~18 sccm, The effect of pressure on thE€F,] was examined at con-
though, the observed decreasd @F,] cannot be attributed stant flow rate(10 sccm, composition(75% CF/Ar), and
to increased gas-phase recombination, because that rate oplgwer(12 W), with pressures ranging from 13.3 to 133.3 Pa
depends on thédecreasing CF, and F concentration. Fur- (100-1000 mTo#t Representative GFspatial distributions
thermore, the observed decrease[@F,] below 18 sccm are shown for three pressures in Fig. 8, and additional cases
cannot be attributed to the temperature dependence of tte 66.7 Pa(500 mTory are shown in figures above.g.,
fluorescence signal, because we expect the temperature Figs. 2 and 4a)]. As noted previously, varying the pressure
increase with decreasing flow rafeee below, which would led to significant changes in both the magnitude and spatial
lead to(slightly) systematically higiCF,] measurements at distribution of CF density.
lower flow rates(see Sec. Il aboye Consequently, we Changes in the overall magnitude [@F,] are illustrated
(speculatively attribute the observed decrease[@F,] at in Fig. 9a). For the conditions examined here, the image
very low flows to an increased loss due to diffusion, eitheraveraged CF,] increases linearly with pressure withnar-
by surface losses or by transport out of the imaged regiormalizedslope of ~0.5, which is to some extent consistent
This increase in diffusional losses may result from an in-with the results of Pang and Bruetkthey, however, ob-
crease in the neutral gas temperature and, hence, diffusi@erved a larger initial slope in pure gplasmas as well as a
coefficient (note that the diffusion coefficientT¥?.2 In-  saturated CFconcentration above 66.7 P300 mTor). The
deed, an increase in temperature is expected as the flow rgpeesent increase ifCF,] with pressure can be attributed to

s reduced, because, with constant rf power and a reduced
.Fnthalpy efflux, more thermal energy accumulates within the
i . i - e

ischarge. Such an increase in the contribution of diffusion
and surface recombination reactions at low flow rates has
been indicated in previous modeling of F-atom concentration
in CF,/O, plasmas™

rH). Effect of pressure
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~ TasLE |. Summary of plasma electrical measurements, including the peak-
1000 - (@) 75% CFa/Ar to-peak amplitudes of the as-measured voltage wave &), the cor-
10scem, 12 W rected fundamental peak-to-peak amplitudes of the volfage and current
= (1,9 wave forms at the powered electrode, the phase difference bewfygen
2 750 + and ., the dc self-bias voltag€V,y), and the power deposited to the
e plasma.
o
L
O 500 CF,+0, Flow rate Pressure Power Vi ¢  —Ve
g G Geem ey OO K e )
(]
g 250 - 75/0 25 66.7 35 150 164 0.262-49.4 18
75/0 25 66.7 12 300 328 0.660-63.4 57
0 75/0 25 66.7 35 600 657 1.2906-71.1 175
0 250 500 750 1000 5/0 25 66.7 21 440 485 1.063-71.4 151
Pressure (mTorr) 75/0 25 66.7 20 440 481 0.968-69.5 110
100/0 25 66.7 20 430 472 0.980-69.4 114
(b) 75% CFa/Ar 7515 25 66.7 20 285 314 0.956-57.2 45
1.0 10 scem, 12 W 75/10 25 66.7 20 245 272 0.905-48.6 25
25/0 5 66.7 20 423 464 0.928-67.7 114
i 25/0 18 66.7 20 439 479 0.912-68.5 122
2 25/0 100 66.7 20 452 495 0.910-68.9 131
g 75/0 10 13.3 12 445 489 0.696-73.5 199
o 75/0 10 333 12 351 383 0.667-67.4 94
S‘,J 75/0 10 66.7 12 298 327 0.665-63.5 59
2 75/0 10 1333 12 230 253 0.529-43.2 25
(1]
2 g2 —-_j_ff_f.. """"""""""""""""""" ®Balance of mixture is argon.
e 13.3 Pa (1 00 mTorr)
0.0 — . ‘ . . ..
0 1 2 3 4 5 6 near the edge of the discharge, while as pressure is increased
radial position (cm) from 33.3 to 133.3 Pa, tH&F,] increases more substantially

Fe. 9. (3 | d GFdensit functi ; _near the center of the discharge. As discussed below, a sig-
IG. 9. (& Image-average ensity as a function or pressure In e . . .

750CR/Ar, 10 scem, 12 W discharges arit) axially averaged (0< z mﬁcant_change in the pIasma impedance is also _observed
< 1.2 cm radial profiles of CE density(c=22%, 45%, 21%, and 14% for OVer this pressure range, with the plasma becoming more
13.3, 33.3, 66.7, and 133.3 Pa, respectivélye normalized slope indicated resistive at higher pressures.

in (a) denotes that theCF,] increases by B as the pressure is increased by
10X.

E. Electrical measurements
In addition to the[CF,] measurements, voltage and cur-

increased electron impact production of £Because both rent wave forms were measured near the base of the powered
the electron and Gfdensity are expected to increase with electrode to characterize the discharge and permit compari-
pressure. On the other hand, this relative weakness of thgons to model calculations and future experimental studies.
increase iNCF,] (and thus Ck dissociation with pressure Table | shows a compilation of the electrical measurement
may be due to the cooling of the high energy electron energyesults, including the peak-to-peak amplitudes of the pow-
distribution at the higher pressures. ered electrode voltagéV,) and current(l,) wave forms

Figure 9b) shows the axially averaged radi@F,] pro-  corrected for cell parasitics, the relative phdgg between
files as a function of pressure. The changes in these profildhe corrected voltage and current wave forms, the dc self-
with pressure are perhaps the most difficult to interpret, bebias voltageV ), and the power delivered to the plasma. As
cause they result from a complex interaction among the proaoted above, these data are derived from a Fourier analysis
duction, transport, and loss mechanisms of, CRcluding  of the measured electrical wave forms using an equivalent
changes in the electron energy distribution, residence timagircuit model of the GEC cell and the external circuitfy.
and rates of diffusion and gas-phase recombination. The un- In comparing these electrical data to the ,GReasure-
derstanding of these observed pressure dependerdi§iFi- ments detailed above, we observe that the cases with the
butions would clearly benefit from detailed modeling studiesmost uniform radial distribution of CFcorrespond to cases
but there are some interesting trends which are worth notingwvith the most resistive plasma impedances, i.e., the cases in
For example, the profiles for the 13.3—66.7 Pa cases showwhich ¢ is closest to 0°. In particular, these include the cases
similar character with the pedICF,] near the edge of the with the lowest powet3.5 W), highest pressurél33.3 P,
electrode, while the profile at 133.3 Pa is substantially dif-and highest @ concentration(10%). For these casesp
ferent, with the peakCF,] found closer to the center of the ranges from-43 to —49° compared to the other cases where
discharge. In varying the pressure, we also observe the largs ranges from—57 to —73°. The increased uniformity for
est changes in radial uniformity, with the poorest uniformity the more resistive cases may result from an increase in the
at 33.3 Pdo=45%) and the best at 133.3 Pa~14%). This  production of Ck within the plasma bulk, compared to the
large change in uniformity occurs because as pressure is iproduction near the powered electrode sheath. This assertion
creased from 13.3 to 33.3 Pa, theF,] primarily increases is also supported by axiat € 0) profiles of the plasma emis-
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As one might anticipate, we also find that the cases which
show largest changes in the CBpatial distribution also
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